MATEC Web of Conferences 333, 02010 (2021)
APCChE 2019

https://doi.org/10.1051/matecconf/202133302010

Formation and Evaluation of Au/ZnO Particles by a Spray
Pyrolysis Method
Youngjun LEE1*, Toshiyuki FUJIMOTO2, Shinya YAMANAKA2, and Yoshikazu KUGA3
1Division

of Engineering, Muroran Institute of Technology, 27-1 Mizumoto-cho, Muroran, Hokkaido 050-8585, Japan
of Environmental Technology, Muroran Institute of Technology, 27-1 Mizumoto-cho, Muroran, Hokkaido 050-8585, Japan
3Muroran Institute of Technology, 27-1 Mizumoto-cho, Muroran, Hokkaido 050-8585, Japan
2College

Abstract ZnO/Au is expected to exhibit catalytic properties by absorbing ultraviolet and visible
light because ZnO and Au nanoparticles can absorb ultraviolet and visible light, respectively.
Doping studies on Au nanoparticles on ZnO (ZnO/Au) have been conducted to expand the
absorption wavelength range. This study generates ZnO/Au particles by an ultrasonic spray
pyrolysis method (USP). To prevent particle aggregation, Triton X-100, a non-ionic surfactant, is
added, and its effects are examined. The generated ZnO/Au particles are characterized using
different methods. SEM reveals the particle size is several micrometers, while XRD analysis
indicates that ZnO and a metallic Au crystalline are present. The TEM images of the particles show
that the Au crystals are well dispersed in the inner and outer portions of ZnO. UV-Vis spectroscopy
confirms that the smaller the Au particle size, the higher the visible absorption peak near 400 nm.
Adding Triton X-100 shifts the absorption peak toward the longer wavelength side but improves
the aggregation of Au particles.

1 Introduction
In developing countries, environmental pollution of
organic cloth dyes and industrial wastewater is a very
serious issue. It is generally treated using adsorption and
chemical coagulation methods (Sauer et al., 2002; Wang
et al., 1998; Matthews, 1991; Galindo et al., 2001).
However, this may cause secondary pollution. The
decomposition of organic pollutants by an oxidation
treatment is a promising alternative (Fockedey and Van
Lierde, 2002). Because photocatalysts are especially
promising, various photocatalysts are being studied and
produced. Oxide photocatalysts such as SnO2, TiO2, WO2,
and Fe2O3 can effectively decompose organic pollutants
under ultraviolet light irradiation. In recent years, ZnO has
attracted much attention due to its physical and chemical
stability. Since it has a high oxidation property, it should
realize practical applications as a photodecomposition
catalyst of organic pollutants. (Gouvea et al., 2000; Feng
et al., 2016; Ebin et al., 2012; Georgekutty et al., 2008).
It can be also used to remove volatile organic compounds
(VOCs) coated on building materials.
Although ZnO is widely used as a photocatalyst, one
drawback is that its catalytic properties are limited to the
ultraviolet region due to its wide bandgap. When a noble
metal crystal is doped into ZnO, the excess electrons
excited in ZnO are received by the noble metal crystal.
Consequently, the oxidation characteristic may be
improved (Georgekutty et al., 2008; Ardestani et al.,
2014; Fallah-Shojaei et al., 2015). Metal nanoparticles
*

have a localized surface plasmon resonance, which
absorbs light in the visible region and induces a vivid
color (Huang et al., 2010; Haes et al., 2004). Therefore,
doping Au nanoparticles on particles of ZnO (ZnO/Au)
should improve the oxidation characteristics.
On the other hand, the photocatalytic activity is so
large that the influence of external factors from the
particles cannot be ignored. Ultrafine particles represent
intermediate characteristics of molecules and bulk
particles larger than single crystals. Consequently, they
are attracting attention in various fields. The energy
structure of semiconductor ultrafine particles significantly
differs from bulk particles due to the quantum size effect.
The bandgap increases as the particle size become smaller.
Therefore, the reducing power of the photogenerated
electrons and the oxidizing power of the holes become
larger as the particle size decreases. A semiconductor
ultrafine particle photocatalyst should exhibit a larger
catalytic activity than in bulk particles (Henglein, 1989;
Steigerwald and Brus, 1990; Weller, 1993).
Recently, Ebin et al. (2012) used an ultrasonic spray
pyrolysis (USP) method to produce ZnO. They measured
the crystallite size and catalytic properties as functions of
temperature. The USP method can generate particles
continuously via a single process, where the temperature
determines the particle size. In addition, the crystallite
size can be controlled by changing the concentration of
the raw material solution, and other elements can be
doped by adding other materials (Wuled et al., 2000;
Mizutani et al., 1986). This study aims to generate
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ZnO/Au particles with wide spectra absorption region and
high oxidative properties to realize high an effective
photocatalytic reaction for organic pollutants by
ultrasonic spray pyrolysis method.

sprayed using a nebulizer (OMRON, NE-U17) with a
resonance frequency of 1.7 MHz. The droplets were
moved into the quartz reaction tube at a high temperature
by air flow from the gas cylinder. The flow rates of the
carrier gas and sheath gas were fixed at 1.0 and 0.5 SLM,
respectively. The quartz reaction tube was placed inside
electric furnaces with a temperature controller of ±1°C.
The quartz reaction tube passed through four furnaces:
two 80-mm long preheating furnaces at 40°C (No. 1) and
70°C (No. 2) and two 290-nm heating furnaces at 150°C
(No. 3) and 1000°C (No. 4). The particles generated by
decomposition of the starting material were dried by a
water-cooling-type diffusion drier and collected in an
electrostatic precipitator. Table 1 shows the experimental
parameters to prepare ZnO/Au nanoparticles and the
experiment names Z0–Z4 and T0–T4, which indicate
conditions with and without Triton X-100, respectively.

2 Experimental
2.1 Materials
Zinc nitrate (Zn(NO3)2), chloroauric acid (HAuCl4), and
Triton X-100 were purchased from Wako Pure Chemical
Industries. All reagents were used as received without
further purification. Water was distilled.
Table 1. Experimental conditions of ZnO/Au nanocomposite
particles generated via the USP method.

No.
Z0
Z1
Z2
Z3
Z4
T1
T2
T3
T4

Concentration [wt%]
Zn(NO3)2

2.5

HAuCl4
0.025
0.05
0.1
0.2
0.025
0.05
0.1
0.2

Triton
[wt%]
0

0.25

Au(mol)
ZnO(mol)

2.3 Characterization
X-ray diffraction (Rigaku, Multiflex) using Cu Kα
radiation was used to investigate the size and crystalline
phase of the particles. The mean crystalline size of the
particles was calculated using Scherrer's equation. The
shape and size of the particles were investigated using a
scanning electron microscope (SEM, JEOL JSM-6380A)
and a transmission electron microscope (TEM, JEOL
JEM-2100F). The obtained ZnO/Au particles were
dispersed in water, and the UV-Vis spectrum was
measured using a spectrometer with an absorption
wavelength of 300–800 nm (SIMAZU, UV-1800).

0.006
0.011
0.022
0.045
0.006
0.011
0.022
0.045

3 Results and Discussion
3.1 Structural characteristics

Z1
Intensity [a.u.]

Z2
Z3
Z4
Z0

Figure 1. Schematic diagram of ultrasonic spray pyrolysis

2.2
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ZnO/Au nanocomposite particles were prepared by the
USP method. Figure 1 schematically illustrates the
apparatus for powder generation. The USP apparatus is
composed of a nebulizer, electric furnaces, quartz reaction
tube, diffusion dryer, and an electrostatic precipitator. A
mixed solution of zinc nitrate and chloroauric acid was
used as a starting material. The precursor solution was
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Figure 2. XRD patterns of ZnO/Au particles obtained at
different concentrations
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The crystallite sizes of the sample were calculated
using Scherrer's equation. Figure 3 shows the crystallite
size change under different conditions. The crystallite size
of Au in the conditions Z1, Z2, Z3, and Z4 are 7.8, 8.9,
10.9 and 15.6 nm, respectively. This indicates that the
crystallite size becomes smaller as the concentration of
chloroauric acid (III) decreases. In addition, the crystallite
size of Au in the T1, T2, T3, and T4 (with added Triton
X-100) are 16.2, 23.0, 23.8 and 21.0 nm, respectively.
Adding Triton X-100 increases the crystallite size.
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3.2 Morphological characteristics

Concentration (wt%)

Figure 4 shows the shape and size of the particles in the
SEM image at different chloroauric acid (III)
concentrations and Triton X-100 concentrations. Neither
the chloroauric acid (III) (0.025–0.2 wt%) nor Triton X100 induce morphological changes. Overall, the particles
have hollow and filled structures, leading to an uneven
surface. Rapid pyrolysis rates and high temperature
drying result in hollow particles (Milosevic et al., 1993).
These hollow particles realize a particle size larger than
the theoretical particle size.
The average size of the sprayed droplets can be
estimated as (Lang, 1962)

Figure 3. Crystallite size of Au calculated by Scherrer's
equation.

Figure 2 shows the XRD pattern of the ZnO/Au
nanocomposite particles obtained without Triton X-100.
All peaks of ZnO [(100), (002), (101), (102), (110), (103),
(200) and (112)] are characteristic of the wurtzite
(hexagonal) structure. In the ZnO/Au nanocomposite
particles with different Zn/Au molar ratios, peaks of ZnO
and Au appear, suggesting that Au is preserved in the
metal form in the nanocomposites. The peaks (111), (200),
and (220), which are characteristic of the fcc structure of
Au, decrease as the addition ratio of chloroauric acid
decreases. Additionally, the peak of Au is not confirmed
under the condition where the concentration of
chloroauric acid (III) is 0.025 wt%. The small peaks
shown at 2θ = 11° are attributed to the residual products
generated at low temperatures.

 8πγ
Ddroplet = 0.34 2
 ρf

Figure 4. SEM images of ZnO/Au particle obtained by USP synthesis
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Figure 5. TEM images of Au/ZnO particle obtained by USP synthesis: (a) Z2, (b) Z4, (c) T2, and (d) T4

Figures 6 and 7 show the UV-Vis absorption spectra of
ZnO/Au particles dispersed in water. The lower the
concentration of chloroauric acid, the higher the visible
light absorption peak near 400 nm. This is attributed to
resonance with high-energy light due to the increase in
atomic vibrations caused by surface plasmons as the Au
particle size changes. However, in the case of a high Au
content, the amount of accumulated electrons in Au
increases, and the recombination of electrons and holes is
improved. Therefore, the particles obtained at a high
content of chloroauric acid decrease the UV-Vis
absorption spectrum. The observed ZnO/Au particles are
dark purple when the concentration of chloroauric acid is
high but are light purple when the concentration of
chloroauric acid is low.
To prevent Au particle aggregation, particles were
produced in the same manner except Triton X-100 was
added. The observed particles display a bluer tint
compared to the case without Triton X-100. Adding
Triton X-100 shifts the absorption peaks toward longer
wavelengths and induces visible light absorption peaks at
450 nm and 650 nm (Figure 7). This means that the size
of the Au particles generated by the addition of the Triton

where γ is the surface tension of the solution, f is the
frequency of the ultrasonic transducer, and ρ is the density
of the solution.
Since the solution is very dilute, γ and ρ are estimated
to be equal to the value of pure water. Assuming γ =
0.0729 N/m, ρ = 1000 kg/m3, and f = 1.7 MHz, the size of
the droplet is calculated as 𝐷𝐷droplet = 2.92 µm from
equation (1). If one particle is obtained from one aerosol
particle, the average diameter of the generated ZnO
particles can be calculated using the following equation

DZnO =

3

3
Ddroplet
C Zn(NO)2 aq MW ZnO

MWZn(NO)2 ρ ZnO

(2)

where DZnO is ZnO particle diameter [m], CZn(NO3)2aq. is the
raw material concentration [g/L], MWZnO is the molecular
weight of ZnO (81.37 kg/kmol), MWZN(NO3)2 is the
molecular weight of zinc nitrate (297.49 kg/kmol), and
ρZnO is the density of ZnO (5.606 × 10³ kg / m³). The
estimated diameter of the generated particles is
approximately 0.363 µm. The size of the particles
observed in Figure 4 (Z0) is between 0.3 µm and 1.0 µm,
confirming the existence of particles larger than the
theoretical particle size.
The TEM images in Figure 5 can be supplemented
with XRD and SEM. Figure 5 (a) shows that Au particles
are distinguishable and nanometer-sized Au particles are
dispersed in the surface of the ZnO particles. In the case
of condition Z4, the crystal peak of Au in XRD is almost
impossible to identify, but Au particles are observed in
Figure 5 (b). Figures 5 (c) and (d) demonstrate that the
size of the Au particle is larger with Triton X-100. This is
consistent with the crystallite size calculated in Scherrer's
equation.
3.3 UV-Vis spectra

Figure 6. UV-Vis absorption spectra of ZnO/Au particles
prepared at different concentrations without Triton
X-100
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X-100 increases in the opposite direction, as confirmed by
Scherrer's equation and the TEM image.
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In this study, ZnO/Au particles with Au doped on ZnO are
successfully generated by the ultrasonic spray pyrolysis
method. In the XRD analysis of the particles generated
using chloroauric acid and zinc nitrate as the raw material
solution, peaks for both Au and ZnO are observed.
Additionally, the TEM reveals that the Au particles are
dispersed in the inner and outer portions of ZnO. The
absorbance and absorption of visible light increase when
the concentration of chloroauric acid in the raw material
solution is lowered.
Although Triton X-100 is added to inhibit the
agglomeration of Au particles, it promotes Au particle
growth. This is related to the decomposition temperature
and properties of Triton X-100. When the droplets of the
raw material solution are heated in the preheating furnace
and metal salt particles (zinc nitrate and chloroauric acid)
precipitate, Triton X-100 forms micelles around the
particles and acts as a dispersant. Triton X-100 is not
pyrolyzed in the process of reducing the water contained
in the droplets. Triton X-100 has a decomposition
temperature of 200°C or higher, but the electric furnaces
(Nos. 1–3) used in this study are lower than 200°C.
Increasing the density of micelles in volume-reduced
droplets promotes the aggregation of metal salt particles
by the crosslinking action of linear polymers, increasing
the crystal size of Au particles. That is, the collision of
Triton X-100 with evaporation of the solvent in the
droplets increases, forming rapid crosslinking between
Triton X-100. Thus, fast crystal growth is achieved while
increasing the crystal size.
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